ABSTRACT
INTRODUCTION
T RAUMATIC BRAIN INJURY (TBI) is the dominant cause of death among infants and young children, and most fatal cases are attributed to car accidents, falls, and child abuse (Bruce, 1990) . In the United States, brain injuries resulting in hospitalization or death occur in at least 150,000 children per year, at a prevalence of over 200 cases per 100,000 children (Fisher, 1997) . An infant or a young child suffering brain trauma may develop severe complications secondary to the neural injuries, such as diffuse cerebral swelling over a time course that is substantially different from that expected in adults (Bruce, 1990; Pascucci, 1998) .
The controlled cortical impact (CCI) TBI model in the rat is a well-established, widely used model for studying TBI in pediatric as well as adult brains (Genneralli, 1994) . The CCI model, developed by Lighthall et al. (1988) and characterized comprehensively by Dixon et al. (1991) , employs the delivery of an impact load directly to the exposed brain cortex of an anesthetized rat by means of a pneumatically-driven rigid impactor. A popular adaptation of the CCI model in the rat is the closed head impact model (Genneralli, 1994; Raghupathi and Margulies, 2002) . The closed head impact model employs the delivery of an impact load to the intact skull (rather than the exposed brain), eccentrically between the lambda and bregma sutures, after reflection of the scalp (Genneralli, 1994; Raghupathi and Margulies, 2002) . The base of the head of the rat is fixed during the delivery of impact, and velocity and maximal depth of the impact are mechanically controlled (Genneralli, 1994) . Three weeks after a closed head impact injury, cell death, hemispheric loss and ventricular expansion appear in the rat's brain and progress chronically up to one year post-injury, with patterns that are known to be age-dependent (Genneralli, 1994) . Histological evaluation demonstrated widespread cortical damage and ablation of the gray and, to a lesser extent, underlying white matter. Immunohistochemstry further observed axonal changes after mild closed head impact over the parietal cortex while at moderate and high injury severity, contralateral damage and axonal injury in the adjacent white matter, corpus callosum and internal capsule were evident (Cernak et al., 2004) .
A major drawback of the popular closed head impact and CCI apparatuses is the lack of control on the impact force produced by the impactor. Since the impact force is not controlled, internal stresses occurring in the animal's brain during impact are unknown. Moreover, it was recently reported that brain tissue stiffness is age-dependent and hence, the same indention of the impactor is expected to produce different brain tissue stresses in animals at different ages (Gefen et al., 2003) . A given indentation depth is also expected to produce different strain distributions at different ages, depending on the age-dependent elastic properties of the brain tissue (Gefen et al., 2003) as well as on the brain size and skull thickness. Accordingly, it is currently impossible to use strain-based injury thresholds (such as the one proposed by Margulies and Thibault, 1992) in design of closed head injury studies, because neither the strain distribution in the animal's brain nor its age-dependency are known.
Fortunately, with today's computer power, finite element (FE) computational simulations can aid in the design of closed head injury studies, provided that the geometry of the skull and brain and their mechanical properties are represented with adequate details and accuracy. Reproducing the experimental conditions during a closed head injury in a FE simulation can provide information that cannot be measured in the actual experiment, including the distributions of deformations, strains and stresses in the brain tissues at the time of injury. However, in order to obtain realistic representation of experiments in immature animals it is particularly important to consider the unique mechanical behavior of the immature skull and brain. Only one published study, by Pena et al. (2005) , recently attempted to characterize displacements, mean stress, and shear stress in the adult rat brain during CCI, by means of the FE modeling approach. However, the elastic modulus of the brain tissue assumed in their simulations (minimum 10 KPa) is over 10-fold the elastic modulus values measured in biomechanical studies of fresh rat brain tissue (Gefen et al., 2003) , and no age effects on brain tissue stiffness were considered. Thibault and Margulies (1998) were the first to report that under large strains the adult porcine brain is more compliant than the neonate, and this was confirmed by their later study (Prange and Margulies, 2002) . Recently, we reconfirmed these observations for the rat and provided detailed mechanical properties for skulls and brains at age groups of 13, 17, 43, and 90 post-natal days (PND) (Gefen et al., 2003) . Specifically, we found that shear moduli of rat brains PND 17 or younger were ϳ1.9-fold than those of rat brains PND 43 or over (Gefen et al., 2003) . The effective elastic modulus of skull and sutures however, was statistically similar among neonates (PND 13-17) and mature animals (PND 43), and so, we attributed the increase in structural stiffness of the braincase with age to skull thickening (Gefen et al., 2003) . Based on these findings, we concluded that when the same injury parameters (e.g., impact, acceleration, shaking) are applied to immature and adult rats, they are very likely to produce higher brain tissue stresses and strains in immature rats, not only due to differences in brain size and skull thickness across ages, but also due to the different brain tissue mechanical properties (Gefen et al., 2003) .
Overall, the internal distributions of strains and stresses in the rat's brain tissue during a closed head impact experiment were never studied, and, in particular, their dependence on the animal's age are unknown. This limits the design of animal model studies aimed at comparing pathohistological and behavioral consequences of TBI across ages. The goal of this study was therefore to determine strain and stress distributions in the rat brain during closed head impact injury in mature (PND 43 and 90) and neonatal rats under the same indentation conditions. Using three-dimensional (3D) FE mod-STRAINS IN NEONATE AND MATURE RAT BRAINS els of the rat braincase and brain at these ages, we compared the age-dependent volumetric strain exposures in the brain for different skull indentation depths (1-3 mm) . The results are useful for design of closed head impact experiments that produce similar strain exposures in brains of immature and adult animals.
METHODS
We developed three-dimensional FE models of the rat brain and braincase at PND 13-17, PND 43, and PND 90 under closed head impact injury (Fig. 1) . To simulate the closed head impact animal studies, we generated a computer reconstruction of the mature rat brain using an anatomical digital database (The Rat Brain in Stereotaxic Coordinates, Academic Press). Using a solid modeling software (SolidWorks 2005), we scaled the solid reconstruction of the rat brain geometry to the age of the animal (PND 13-17, PND 43, and PND 90; Fig. 1b ) based on previous measurements of rat brain length, width and thickness with age (Gefen et al., 2003;  Table 1 ). Next, the solid models were transferred to an FE solver (NASTRAN 2004) . Tetrahedron solid elements (about 30,000 elements) were used for meshing the brain tissue, and triangle elements were used to represent the braincase layer. Absolute fit between the brain and braincase meshes was obtained by projecting the brain surface elements outwards from the cortex, to form the braincase thickness measured by Gefen et al. (2003) for each age group in the rat. Specifically, we used braincase thickness of 0.16 mm for PND 13-17, 0.4 mm for PND 43, and 0.69 mm for PND 90 (Gefen et al., 2003; Fig. 1a ). Brain tissue was considered to be a homogeneous viscoelastic material with a time-dependent shear modulus G(t) (Gefen et al., 2003) :
( 1) where the instantaneous shear moduli G i were taken from our previous experiments as 3336 Pa for PND 13-17 and as 1721 Pa for PND 43 and PND 90 (Gefen et al, 2003) .
LEVCHAKOV ET AL. Long-term shear moduli G ϱ , also obtained in that previous study, were set as 786 Pa for PND 13-17 and as 508 Pa for PND 43 and 90. The relaxation decay constant was taken as 8 sec (Gefen et al., 2003) . The brain was also considered as an incompressible material and accordingly, its Poisson's ratio was taken as 0.499. In the absence of individual mechanical properties for rat skull, sutures and dura, we considered them as a uniform braincase single material with effective mechanical properties. Accordingly, the braincase layer was considered as a linear elastic material with elastic modulus of 6.3 MPa and Poisson's ratio of 0.3 for all three age groups (Gefen et al., 2003) . Models were constrained at the base of the braincase for translation and rotation (Fig. 1a) , and no slip was allowed between the braincase and brain. Concentrated force was applied on the left hemisphere, 19°t o the vertical axis and halfway between the Bregma and Lambda sutures to simulate the impactor. Using trial-anderror, this force was increased in each age model stepwise, until it generated a focal maximal braincase deflection under the impactor that matches the indentations set in the experimental apparatus. The indentation values set in the simulations were 1, 2, 2.44, and 3 mm for each age model, to cover the range of indentation depths used in most experimental studies (1-3 mm) (Nakagawa et al., 1999; Marciano at al., 2004; Cernak, 2005) . Speed of indentation was always considered as 5 m/sec, which is in the mid of the range of speeds used in the majority of animal studies (0.5-10 m/sec (Cernak, 2005) . For each simulation case, we calculated the distributions of internal brain deformations, principal compressive stresses, and von Mises stresses. We then quantified the percentage of brain volume subjected to strain levels over 5% in each age group, and for each indentation depth.
RESULTS
The FE analysis of closed head impact in each age group model yielded the indentation force corresponding with the indentation depth, as well as the distributions of displacements (Fig. 2) , principal compressive stresses and von Mises stresses (Fig. 3) within the brain.
We found that, for a comparable indentation depth, age substantially affected the indentation force as well as the distributions of tissue deformations and stresses during closed head impact. Values of the peak force required for imposing a given indentation depth always decreased with age. For example, forces of 14.95, 1.99, and 0.92 N were required to produce a 2.44-mm indentation in PND 13-17, 43, and 90 models, respectively. Consistently, maximal principal compressive stresses under the impactor also decreased with age, and for a 2.44-mm indentation, stresses were 95, 14.4, and 8.7 KPa, for the PND 13-17, 43, and 90 models, respectively (Table 2) . Peak von Mises stress under the impactor was highest for PND 13-17 (8.66 KPa for 2.44 indentation), and similar for the older age models (2.46 and 2.75 KPa for PND 43 and 90 models subjected to 2.44-mm indentation, respectively). Peak shear stress under the impactor was also highest for PND 13-17 (4.76 KPa for a 2.44-mm indentation) and similar for PND 43 and 90 (1.23 and 1.46 KPa for a 2.44-mm indentation, respectively). Values of stresses (maximal principal compressive stress, von Mises stress and shear stress) for each age, and for all indentation cases (1, 2, 2.44, and 3 mm) are provided in Table 2 . Overall, we found that during a closed head impact experiment, the stiffer tissue in the neonatal brain (PND 13-17) is subjected to peak stress magnitudes (principal compression, von Mises, and shear) that are threefold to 10-fold greater than those in the mature brain (PND 43 and 90) for all indentation cases (1, 2, 2.44, and 3 mm). Specifically, peak principal compressive stress for PND 13-17 was sixfold to 11-fold greater than those in the mature brain (PND 43 and 90). Peak von Mises stress and shear stress for PND 13-17 were both threefold to fourfold greater than those in the mature brain.
Deformations in the central contralateral (right) brain hemisphere during impact were substantially lower in the mature brain (e.g. mean tissue deformation was less than STRAINS IN NEONATE AND MATURE RAT BRAINS Table 3 . We conclude that closed head impact injury studies in the rat impose relatively less mechanical loading on the contralateral hemisphere of the mature brain compared with the neonatal brain. Peak strain rates in brain tissue were generally similar between the PND 13-17, 43, and 90 models. For example, 2.44-mm indentation induced strain rates of 59,426%, 57,377%, and 57,870% per second in the PND 13-17, 43, and 90 models. However, as shown above, strain and stress peaks and distributions differed substantially across ages, and differences grew with depth of indentation. All indentation depths caused greater strain peaks and wider regions of high strains in the PND 13-17 brain tissue, with respect to the older ages. Figure 4 shows the volumetric exposures to strains in the three age group models, for indentation depths of 1, 2, 2.44, and 3 mm. It is evident that, for large strains (Ͼ5%), the PND 13-17 brain is found under greater strains distributed over larger volumes for each indentation depth, whereas strain distributions in the PND 43 and 90 brains are similar, particularly at the range of 7-13% strain, to which the majority of brain tissue is subjected (Fig. 4) . For small strains (less than 5%), we noted that volumetric exposures to strains (i.e., curves in ever, in the context of TBI, the volumetric exposure to large strains (over 5%) is the relevant parameter (Margulies and Thibault, 1992 Thibault, , 2000 . Considering the 10% tissue strain threshold previously reported for axonal injury Thibault, 1992, 2000) , for 2.44-mm indentations at 5 m/sec, we found that 13% of the PND 13-17 brain volume, 7% of the PND 43 brain volume, and 9% of the PND 90 brain volume are subjected to strains above 10%. Therefore, the same indentation depth is expected to produce different axonal injury damage spreads for different animal ages. It is also shown that, for practical cases of closed head impact experiments (indentation depths of 1-3 mm) (Cernak et al., 2005) , 99.7% of the brain volume is subjected to strains under 20% (for all ages).
Our models are useful for experimental design of closed head impact studies across different age groups. For example, in order to produce a force of 2 N on the braincase, indentation values of 0.33, 2.45, and 5.33 mm are needed for the PND 13-17, 43, and 90 animals, respectively (Table 4) . A range of comparable impact forces (1-3 N) and corresponding indentation values for each age are provided in Table 4 .
DISCUSSION
In this study, we used FE models to calculate the strain and stress distributions in mature (PND 43 and 90) and neonatal dentations simulating closed head impact injury. We showed that when three different age groups of rats PND 43, and PND 90) are subjected to identical experimental conditions of closed head impact (i.e., the same indentation depth and velocity), stresses and strains in the brain differ substantially, and this should be carefully considered while designing experimental protocols.
We specifically showed that the PND 13-17 brain was exposed to substantially greater strains than those developed in the 43 and 90 PND brains for indentations exceeding 1 mm (Fig. 4) . This is a critical issue to be considered in experimental designs aimed at producing comparable neurological damage in young and adult animals.
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FIG. 4.
Percentage of brain tissue volume subjected to a certain strain level in all indentation simulations (1, 2, 2.44, and 3 mm). All curves meet at the theoretical point of zero strain and 100% brain volume since, for a physical indentation load (i.e., a compressive load that is greater than zero), the whole brain deforms and every tissue element must thus deform to some extent, and thereby, strains greater than zero occur all over the brain's volume. For clarity, however, we selected to show the plots for strains greater than 5%, since this strain scale allows better differentiation between curves for different ages, particularly for the 1 mm indentation case. Nevertheless, for small strains (less than 5%), we noted that volumetric exposures to strains were similar across ages (not shown). PND, post-natal-day.
Several impact models were described in the literature for studying the etiology of TBI. Fluid-based impacts in rodent models were used by Dixon et al. (1987) and McIntosh et al. (1989) , and similarly fluid-induced impact was delivered to cat heads by Sullivan et al. (1976) to generate subarachnoid hemorrhages, contusions, and diffuse axonal injury (DAI). More recently, fluid-induced impact models were used to address issues of plasticity and reorganization following TBI in the younger brain (Fineman et al., 2000; Giza et al., 2002; Ip et al., 2002; Griesbach et al., 2000) . Another commonly used impact model is the weight-drop model (Denny-Brown and Russell, 1945) . This model was used to produce a concussion, which was shown to occur if the animal's head was not immobilized. Variations of this model to obtain a controlled impact included use of a calibrated pendulum (Denny-Brown, 1945) or a piston that produces 1-kg force (Gurdjian et al., 1954) . Another variation was suggested by Feeney et al. (1981) , who used a weight-drop model in which a weight was dropped through a tube onto a footplate resting upon the exposed dura to prevent penetration. An air-based impact model, termed the CCI model, was developed by Lighthall et al. (1988) to more precisely control the piston velocity and depth of indentation: instead of releasing a weight onto the dura, an airdriven piston was used to indent it. Later, Dixon et al. (1991) systematically examined the effects of varying magnitudes of CCI to the rat brain on neurological, cardiovascular, and histopathological variables. However, none of these models or studies took into account the differences in mechanical properties of the brain between age groups, and so, no attempts were made to calibrate the indentation depth so that comparable injures would be produced in young and mature animals.
Finite element modeling is a practical tool for improving these methods by adjusting the indentation loads to produce comparable internal brain stresses, or by adjusting the indentation depths to produce equivalent brain strain exposures as demonstrated in this paper. Based on our strain distribution analyses in Figure 4 , it is possible to design future experimental protocols that take into account the percentage of brain tissue volume exposed to a specific strain level during impact, as in the following example. It was previously reported that brain tissue strains over ϳ10% which occur at rates greater than ϳ1000% per second are associated with TBI Thibault, 1992, 2000) . Accordingly, if it is desired to design experiments in which 7% of the brain volume is subjected to critical strains above 10%, Figure 4 indicates that mature brains (PND 43 and 90) should be indented to a depth of 2.44 mm, but brains of PND 13-17 should be indented to a lower depth, of only 2 mm.
Validation of our FE simulations by means of direct experimentation (i.e., by inserting sensors into the rat brain) is not feasible. Given the small size and delicate tissue structure of the rat brain, insertion of even the smallest sensors is very likely to bias the brain's mechanical behavior. However, we compared our predictions of stress/strain distributions in the brain of adult rats with histopathological studies published by Goodman et al. (1994) . Goodman et al. (1994) reported that indentation depths of 2, 2.5, and 3 mm at an impact velocity of 5 m/sec produced increasing contusion volumes in rat brains, of 4.6, 8.9, and 21.7 mm 3 , respectively. Additionally, they reported that hippocampal neuronal loss in rats increased with increasing indentation depths, i.e. indentations of 2, 2.5, and 3 mm at 5 m/sec produced neuronal loss of 29%, 48.3%, and 79.5%, respectively (Goodman et al., 1994) . These findings correspond very well with our present simulations, which predicted substantial rise in the level of stresses (Tables 2 and 3 ) and strains ( Fig. 4) with an increase in the depth of indentation for the adult rat's brain, as well as for younger brains. The levels of stresses and strains in the FE models can therefore be considered as indicators for the expected severity of biological damage in the rat model of TBI.
There is evidence in the literature that elevated brain stresses, strains and intracranial pressures, as well as excessive motion between the brain and skull, may cause contusions, concussions, DAI, and acute subdural hematomas (Zhang et al., 2004) . Specifically, Margulies and Thibault (1992) suggested that a TBI is caused by tissue strains above 10% applied at rates greater than 10 sec Ϫ1 . Ruan et al. (1993 Ruan et al. ( , 1994 and Zhou et al. (1994, 1995), however, indicated that shear stresses can be an injury indicator for subarachnoid hematomas and DAI. Bandak and Eppinger (1994) suggested that an accumulated volume of tissue strains exceeding a pre-determined maximum principal strain (referred to as the "cumulative strain damage measure") was related to DAI. Later, Zhang et al. (2004) indicated that the shear stress around the brainstem region could be an injury predictor for concussion. Most recently, Cater et al. (2005) tested organotypic hippocampal slice cultures in equibiaxial stretch, and found that strains exceeding 20% (regardless of strain rate) produced a substantially higher count of dead cells compared with lower strains. Taking these studies together, it appears that both strain and stress can be used as injury predictors, which is not surprising, considering that brain tissue stresses and strains are interrelated through the tissue's constitutive equations and mechanical properties. Accordingly, for completeness, we provided both stress and strain data for the rat's brain during closed head injury (Tables 2 and 3 , and Fig. 4) . The macroscopic mechanical properties of the brain are inhomogeneous in nature, because relative contents of white and gray matter are site-dependent, as well as due to the presence of ventricular spaces. The inhomogeneous properties may affect the mechanical response of the brain to impact, however, in lack of published experimental data on regional mechanical properties of rat brain, we considered brain tissue herein as a homogeneous material with effective viscoelastic age-dependent properties that were previously reported by our group (Gefen et al., 2003) . Experimental characterization of the regional (inhomogeneous) as well as the directional (anisotropic) mechanical properties of the rat brain is one of several future research steps that will need to be taken in order to improve TBI models in the rat.
STRAINS IN NEONATE AND MATURE RAT BRAINS
In summary, the age-dependent mechanical behavior of brain tissue was discovered by Thibault and Margulies (1998) and later confirmed and discussed by Prange and Margulies (2002) and Gefen at al. (2003) . Our present study demonstrated that the implication of the significantly stiffer brain tissue in the neonate is elevated mechanical stresses when subjected to impact forces, compared with mature brains under the same loading conditions. Moreover, the smaller size of the neonate brain imposes greater internal strains compared with mature brains subjected to the same deformation conditions. Overall, the results of this, as well as of previous experimental studies (Thibault and Margulies, 1998; Prange and Margulies, 2002; Gefen et al., 2003) indicate that the neonate brain is more vulnerable to TBI. Indeed, in the United States, children between the ages of 1 and 15 years die as a result of TBI at a rate of 10 per 100,000, which is five times the death rate due to childhood leukemia, the next leading cause of death in childhood (Annegers, 1983) . Motor vehicle crashes are the leading cause of TBI in children, and falls and sport-related injuries follow (Kraus at al., 1986; Lits at al., 2004) . Accordingly, design of protective means such as car airbags and bicycle helmets must take into account the stiffer tissue behavior and smaller size of the young brain, in order to minimize the prevalence of serious injuries.
In conclusion, the present simulations indicated that for identical cortical displacements, the neonatal brain may be exposed to larger peak stress magnitudes compared with a mature brain due to stiffer tissue properties in the neonate, and larger strain magnitudes due to its smaller size. The brain volume subjected to a certain strain level was greater in the neonate brain compared with the adult models for all indentation depths greater than 1 mm. Our present findings allow better design of closed head impact experiments which involve an age factor. Additionally, the larger peak stresses and larger strain volumetric exposures observed in the neonatal brain support the hypothesis that the smaller size and stiffer tissue of the infant brain makes it more susceptible to TBI.
